Here, we describe the design and synthesis of two series of 4-pyrrylamino quinazolines as new analogs of the epidermal growth factor receptor inhibitor gefitinib. In vitro antitumor activity of these novel compounds against pancreatic (Miapaca2) and prostate (DU145) cancer cell lines was evaluated. Compared with the parental gefitinib, all 18 derivatives show a greatly increased cytotoxicity to cancer cells. In vitro kinase inhibitory activity on epidermal growth factor receptor was also investigated. Among them, compounds GI-6, GII-4, GII-6, GII-8, and GII-9 are more potential receptor tyrosine kinase (RTK) inhibitors. Based on these results, we propose simple structure-activity relationship to provide information for designing and developing more potent antitumor agents. Molecular targeted therapy is a new approach in oncotherapy developed in the last 20 years, which selectively targets molecules related to cancers and possesses higher specificity and lower toxicity and side-effect over traditional cancer therapeutics. Receptor tyrosine kinases (RTKs) are a subclass of cell-surface growth factor receptors with an intrinsic, ligand-controlled tyrosine kinase activity (1) and are main regulators of intracellular communication controlling cell proliferation, differentiation, survival, metabolism, and migration (1,2). RTK activity is resting and tightly controlled in normal cell. However, gene application and overexpression of RTKs occur frequently in many human cancers, and abnormal activation of RTKs has shown to be causally associated with the development and progression of many human cancers (1-3). Consequently, RTKs are rational targets for molecular targeted cancer therapy. Strategies toward the attenuation and intervention of RTK signaling include monoclonal antibodies, small-molecule inhibitors, antagonistic ligands, and antisense oligonucleotides.
of RTKs has shown to be causally associated with the development and progression of many human cancers (1) (2) (3) . Consequently, RTKs are rational targets for molecular targeted cancer therapy. Strategies toward the attenuation and intervention of RTK signaling include monoclonal antibodies, small-molecule inhibitors, antagonistic ligands, and antisense oligonucleotides.
In 2003, Iressa (gefitinib, Figure 1 ), a selective epidermal growth factor receptor (EGFR) tyrosine kinase inhibitor, was approved by FDA for locally advanced or metastatic non-small-cell lung cancer therapy (4) . In 2004, another EGFR small-molecule inhibitor Tarceva (erlotinib) was launched for same indication (5) . Tykerb (lapatinib), a dual tyrosine kinase inhibitor of ErbB-2 ⁄ EGFR, was approved by FDA for the treatment of patients with advanced or metastatic breast cancer in 2007 (6) . These three drugs share the same 4-anilinoquinazoline core structure. Thus, in recent years, 4-anilinoquinazolines have emerged as a versatile template for the inhibition of diverse RTKs and numerous new derivatives have been designed and synthesized.
In this study, using gefitinib as a leading compound, we replaced the benzene ring with pyrrole ring, designed and synthesized two series of novel 4-pyrrylamino quinazoline derivatives. Preliminary in vitro antitumor activity and kinase inhibitory potency of these new compounds were also evaluated. Our primary objective was to develop new RTK inhibitors with improved antitumor activity.
Experimental Section
Synthesis All reagents were purchased from commercial sources and used without further purification. Melting points were measured in open capillaries and are uncorrected. 1 H-NMR and standard. Mass spectra (MS) were obtained from Agilent 1100LC ⁄ MS. IR spectra were run on FI-IR Spectrometer (Perkin-Elmer, Waltham, MA, USA). Element analysis was run on Elementa Vario ELIII element analyzer. All compounds were routinely checked by TLC with silica gel GF-254 glass plates and viewed under UV light at 254 nm.
Diethyl 2-(2-cyanovinylamino)malonate (1) To 1.3 L toluene, 62.4 g 50% sodium hydride (1.3 mol) was added in batches with mechanical agitation and ice water bath. A mixture of acetonitrile (49.2 g, 1.2 mol), ethyl formate (74.0 g, 1.00 mol), 200 mL toluene, and 2 mL absolute ethanol was then added dropwise to the aforementioned solution within 1 h. The reaction mixture was allowed to stir at room temperature for 24 h and then concentrated under vacuum.
The residue was dissolved in 1.5 L ethanol, and glacial acetic acid was used to adjust the pH value of this solution to 6-7; 50.0 g sodium acetate and 105 g diethyl 2-aminomalonate (0.5 mol) were added to the aforementioned solution. This mixture was stirred at room temperature for 2 days and then concentrated under vacuum. The residue was dissolved in 2 L water, and sodium bicarbonate was used to adjust the pH value of the mixture to 8-9. This mixture was extracted with ethyl acetate (5 · 200 mL). The combined organic layer was washed with saturated sodium bicarbonate solution (2 · 200 mL) and water (2 · 100 mL) and then dried using Na 2 SO 4 . The ethyl acetate was evaporated to give dark oil that was then distilled under reduced pressure to collect fraction at 180-183°C and 2 mmHg as light yellow oil (1).
Ethyl 3-amino-1H-pyrrole-2-carboxylate hydrochloride (2) To 250 mL absolute ethanol, 2.6 g sodium was added in batches with ice water bath; 30.0 g diethyl 2-(2-cyanovinylamino) malonate (1, 0.133 mol) in 50 mL absolute ethanol was then added dropwise to the aforementioned solution. The mixture was stirred at room temperature for 24 h and then concentrated under vacuum. The residue was dissolved in 300 mL water, and glacial acetic acid was used to adjust the pH value of the mixture to 7-8. This mixture was extracted with ethyl acetate (4 · 200 mL). The combined organic layer was washed with saturated sodium bicarbonate solution (2 · 200 mL) and water (2 · 100 mL) and then dried using Na 2 SO 4 . The solvent was evaporated to give 18.1 g light brown oil. The oil was then dissolved in 100 mL acetone, and dried hydrogen chloride gas was led in until no more precipitation was generated. The solid was collected by filtration and washed with acetone. After air-drying, the crude product was recrystallized from acetone to afford 20.8 g product 2 as white powder in 82% yield. 
Methyl 3-(3-chloropropoxy)-4-methoxybenzoate (3)
A mixture of methyl 3-hydroxy-4-methoxybenzoate (84.6 g, 0.47 mol), 1-bromo-3-chloropropane (101.6 g, 0.65 mol), and potassium carbonate (138.1 g, 1.0 mol) in dimethyl formamide (DMF) (500 mL) was heated at 70°C for 4 h. The reaction mixture was cooled to room temperature and then poured slowly into ice water (3 L) while stirring constantly. The solid formed was filtered off and washed with cold water. The off-white product was recrystallized from ethyl acetate (200 mL) to give 113. Methyl 5-(3-chloropropoxy)-4-methoxy-2-nitrobenzoate (4) Nitric acid (84.5 mL, 66%) was added dropwise at 0-5°C to a solution of methyl 3-(3-chloropropoxy)-4-methoxybenzoate (3, 93.0 g, 0.36 mol) in a mixture of acetic acid (300 mL) and acetic anhydride (100 mL). This mixture was stirred at room temperature for 6 h, then slowly poured into ice water (2 L), and extracted with ethyl acetate (4 · 200 mL). The combined organic layer was washed with saturated sodium bicarbonate (2 · 200 mL) and brine (2 · 100 mL) and then dried using Na 2 SO 4 . The ethyl acetate was evaporated to give a yellow oil that solidified after standing in a refrigerator for 12 h and was then recrystallized from ethyl acetate ⁄ petroleum ether to afford the product 4 as light yellow crystals (97.1 g, 89% yield Methyl 5-(3-chloropropoxy)-2-amino-4-methoxybenzoate (5) Powdered iron (50 g, 0.89 mol) was added to acetic acid (500 mL). The resulting suspension was stirred for 15 min at 50°C under an atmosphere of N2, and a solution of methyl 5-(3-chloropropoxy)-4-methoxy-2-nitrobenzoate (4, 90.0 g, 0.30 mol) in methanol (300 mL) was added dropwise. The mixture was stirred for another 30 min at 50-60°C. The catalyst was filtered, and the filtrate was slowly poured into water (4 L) and extracted with ethyl acetate (4 · 200 mL). The organic phase was washed with a saturated solution of sodium carbonate (2 · 100 mL) and brine (2 · 100 mL) and then dried using Na 2 6-(3-chloropropoxy)-7-methoxyquinazolin-4(3H)-one (6) A solution of methyl 5-(3-chloropropoxy)-2-amino-4-methoxybenzoate (5, 98.2 g, 0.36 mol) and formamidine acetate (52.6 g, 0.51 mol) in ethanol (800 mL) was heated at reflux for 6 h with overhead stirring. The mixture was allowed to stand in the refrigerator overnight. The precipitate was then collected by filtration, washed with ethanol, and air-dried to give 6 as white powder (88.7 g, 92% yield). Mp: 218-219°C; 1 (t, 2H, -CH 2 Cl), 3.83 (s, 3H, -OCH 3 ), 4.02 (t, 2H, -CH 2 O), 6 .98 (d, 1H, HAr), 7.89 (s, 1H, HAr), 8.02 (d, 1H, HAr), 9.03-9.42 (b, 1H, -NH-).
4-chloro-6-(3-chloropropoxy)-7-methoxyquinazoline (7) 6-(3-Chloropropoxy)-7-methoxyquinazolin-4(3H)-one (6, 102 g, 0.38 mol) was added to thionyl chloride (500 mL) with magnetic stirring. DMF (20 mL) was then slowly added dropwise, and the mixture was heated to reflux for 4 h. Most of the excess of thionyl chloride was then removed under reduced pressure, and the yellow residue was dissolved in chloroform (500 mL), washed with a saturated solution of sodium carbonate (2 · 100 mL) and water (2 · 100 mL), and dried using Na 2 SO 4 . The chloroform was then removed under reduced pressure to give off-white powder, which was recrystallized from ethyl acetate to give the product 7 (93. 5 
A mixture of ethyl 3-amino-1H-pyrrole-2-carboxylate hydrochloride (2, 12.1g, 64 mmol) and 4-chloro-6-(3-chloropropoxy)-7-methoxyquinazoline (7, 14.9 g, 52 mmol) in isopropanol (300 mL) was heated to reflux for 4 h and then allowed to stand in the refrigerator overnight; the precipitate was collected by filtration, washed with chilled isopropanol (2 · 150 mL), and recrystallized from ethanol to give light yellow powder (19.1 g, 91% yield). Mp: 239-240°C; Ethyl 3-(7-methoxy-6-(3-morpholinopropoxy)quinazolin-4-ylamino)-1H-pyrrole-2-carboxylate (GI-1) Ethyl 3-(6-(3-chloropropoxy)-7-methoxyquinazolin-4-ylamino)-1H-pyrrole-2-carboxylate (8, 0.81 g, 2 mmol) and potassium iodide (0.08 g) were added to the solution of morpholine (5 mL) in DMF (20 mL). The solution was stirred at 70°C for 30 min. The excess morpholine was then removed under reduced pressure and the residue dissolved in chloroform (60 mL), washed with water (2 · 20 mL), and then dried using Na 2 SO 4 . The solvent was removed under vacuum. The crude product was purified by column chromatography on silica gel, eluting with ethyl acetate ⁄ triethylamine (20:1) to afford white powder (GI-1, 0.78 g, 86% yield Ethyl 3-(7-methoxy-6-(3-(4-methylpiperazin-1-yl)propoxy)quinazolin-4-ylamino)-1H-pyrrole-2-carboxylate (GI-2) As in the procedure described for GI-1, compound GI-2 was prepared as white powder (GI-2, 0.65 g, 71% yield Ethyl 3-(7-methoxy-6-(3-(pyrrolidin-1-yl)propoxy)quinazolin-4-ylamino)-1H-pyrrole-2-carboxylate (GI-3) As in the procedure described for GI-1, compound GI-3 was prepared as yellow powder (GI-3, 0.48 g, 64% yield Ethyl 3-(7-methoxy-6-(3-(piperidin-1-yl)propoxy)quinazolin-4-ylamino)-1H-pyrrole-2-carboxylate (GI-4) As in the procedure described for GI-1, compound GI-4 was prepared as white powder (GI-4, 0.58 g, 74% yield Ethyl 3-(6-(3-(diethylamino)propoxy)-7-methoxyquinazolin-4-ylamino)-1H-pyrrole-2-carboxylate (GI-5) As in the procedure described for GI-1, compound GI-5 was prepared as white powder (GI-5, 0.62 g, 76% yield Ethyl 3-(7-methoxy-6-(3-(4-methylpiperidin-1-yl)propoxy)quinazolin-4-ylamino)-1H-pyrrole-2-carboxylate (GI-6) As in the procedure described for GI-1, compound GI-6 was prepared as white powder (GI-6, 0.52 g, 68% yield Ethyl 3-(7-methoxy-6-(3-(2-methylpiperidin-1-yl)propoxy)quinazolin-4-ylamino)-1H-pyrrole-2-carboxylate (GI-7) As in the procedure described for GI-1, compound GI-7 was prepared as off-white powder (GI-7, 0.47 g, 57% yield Ethyl 3-(7-methoxy-6-(3-(4-ethylpiperazin-1-yl)propoxy)quinazolin-4-ylamino)-1H-pyrrole-2-carboxylate (GI-8) As in the procedure described for GI-1, compound GI-8 was prepared as white powder (GI-8, 0.61 g, 65% yield 
Ethyl 3-(7-methoxy-6-(3-(4-phenylpiperazin-1-yl)propoxy)quinazolin-4-ylamino)-1H-pyrrole-2-carboxylate (GI-9) As in the procedure described for GI-1, compound GI-9 was prepared as white powder (GI-9, 0.61 g, 59% yield Ethyl 3-(7-methoxy-6-(3-morpholinopropoxy)quinazolin-4-ylamino)-1H-pyrrole-2-carboxylate (GII-1) Ethyl 3-(7-(3-chloropropoxy)-6-methoxyquinazolin-4-ylamino)-1H-pyrrole-2-carboxyl-ate (9, 0.79 g, 2 mmol) and potassium iodide (0.08 g) were added to the solution of morpholine (5 mL) in DMF (20 mL). The solution was stirred at 70°C for 30 min. The excess morpholine was then removed under reduced pressure and the residue dissolved in chloroform (60 mL), washed with water (2 · 20 mL), and then dried using Na 2 SO 4 . The solvent was removed under vacuum. The crude product was purified by column chromatography on silica gel, eluting with ethyl acetate ⁄ triethylamine (20:1) to afford white powder (GII-1, 0.68 g, 75% yield 
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Ethyl 3-(6-methoxy-7-(3-(4-methylpiperazin-1-yl)propoxy)quinazolin-4-ylamino)-1H-pyrrole-2-carboxylate (GII-2) As in the procedure described for GII-1, compound GII-2 was prepared as white powder (GII-2, 0.56 g, 67% yield Ethyl 3-(6-methoxy-7-(3-(pyrrolidin-1-yl)propoxy)quinazolin-4-ylamino)-1H-pyrrole-2-carboxylate (GII-3) As in the procedure described for GII-1, compound GII-3 was prepared as light yellow powder (GII-3, 0.47 g, 59% yield Ethyl 3-(6-methoxy-7-(3-(piperidin-1-yl)propoxy)quinazolin-4-ylamino)-1H-pyrrole-2-carboxylate (GII-4) As in the procedure described for GII-1, compound GII-4 was prepared as white powder (GII-4, 0.61 g, 72% yield Ethyl 3-(7-(3-(diethylamino)propoxy)-6-methoxyquinazolin-4-ylamino)-1H-pyrrole-2-carboxylate (GII-5) As in the procedure described for GII-1, compound GII-5 was prepared as white powder (GII-5, 0.63 g, 76% yield 17 (s, 1H), 7.25 (s, 1H), 7.46 (t, 1H), 8.70 (d, 1H), 8.81 (b, 1H) Ethyl 3-(6-methoxy-7-(3-(4-methylpiperidin-1-yl)propoxy)quinazolin-4-ylamino)-1H-pyrrole-2-carboxylate (GII-6) As in the procedure described for GII-1, compound GII-6 was prepared as white powder (GII-6, 0.51 g, 69% yield 
Ethyl 3-(6-methoxy-7-(3-(2-methylpiperidin-1-yl)propoxy)quinazolin-4-ylamino)-1H-pyrrole-2-carboxylate (GII-7)
As in the procedure described for GII-1, compound GII-7 was prepared as off-white powder (GII-7, 0.48 g, 58% yield Ethyl 3-(6-methoxy-7-(3-(4-ethylpiperazin-1-yl)propoxy)quinazolin-4-ylamino)-1H-pyrrole-2-carboxylate (GII-8) As in the procedure described for GII-1, compound GII-8 was prepared as white powder (GII-8, 0.63 g, 67% yield 
Ethyl 3-(6-methoxy-7-(3-(4-phenylpiperazin-1-yl)propoxy)quinazolin-4-ylamino)-1H-pyrrole-2-carboxylate (GII-9) As in the procedure described for GII-1, compound GII-9 was prepared as white powder (GII-9, 0.61 g, 59% yield 
Cell cytotoxicity assay
Human pancreatic cancer cell line Miapaca2 and prostate cancer cell line DU145 were purchased from American Type Culture Collection and cultured in high-glucose DMEM (HyClone, Logan, UT, USA) supplemented with 10% fetal bovine serum (FBS; HyClone) in a 5% CO 2 humidified incubator at 37°C. The medium was also supplemented with 100 units ⁄ mL penicillin and 100 lg ⁄ mL streptomycin.
Cells were seeded in 96-well culture plates (5000 cells ⁄ well) and treated with serially diluted testing compounds in triplicate. After 96-h incubation, cell growth medium was removed, and proliferation reagent WST-8 (Sigma) was added to each well and incubated at 37°C for 1-3 h. Absorbance was measured using a plate reader at 450 nm with correction at 650 nm. The results were expressed as the percentage of absorbance of treated wells versus that of vehicle control. IC 50 , the drug concentration causing 50% growth inhibition, was calculated via sigmoid curve fitting using GRAPHPAD PRISM 5.0 (GraphPad, San Diego, CA, USA) as we described previously (7).
In vitro kinase assays
In vitro kinase inhibitory ability was determined using the HTScan EGFR Kinase Assay Kit (Cell Signaling Technology, Danvers, MA, USA), following the manufacturer's instructions.
Results and Discussion
Chemistry Based on the structure-activity relationships (SAR) and quantitative structure-activity relationships of the 4-anilinoquinazolines reported previously (8) (9) (10) (11) (12) (13) (14) (15) (16) , and using gefitinib as a leading compound, we designed two series of novel analogs: series A, replacement of the benzene ring with pyrrole ring, different basic side chains at position 6, and methoxy group at position 7 of the quinazoline nucleus; series B, replacement of the benzene ring with pyrrole ring, methoxy group at position 6, and different basic side chains at position 7 of the quinazoline nucleus. For all new compounds, the pyrrole ring had an ethyl formate substitutional group. The reason we chose a carboxylic group but not halides as a substituent was that carboxylic group was also an electron-withdrawing group but rarely reported in previous gefitinib analogs, with the hope to obtain more data for SAR. Structures of the new compounds are illustrated in Figure 2 .
Detailed synthetic routes of 18 4-pyrrylamino quinazoline derivatives in series A (GI-1-9) and series B (GII-1-9) are depicted in Schemes 1 and 2, respectively. The intermediate 4-chloro-6-(3-chloropropoxy)-7-methoxyquinazoline (7) was obtained using the same method we reported previously (7) . Briefly, methyl 3-hydroxy-4-methoxybenzoate as starting material was alkylated with 1-bromo-3-chloropropane to give 3 in 95% yield. Nitration of 3 with nitric acid in acetic acid afforded 4, which was then reduced by powdered iron in acetic acid to give 5 in satisfactory yield (77%). In contrast, catalytic hydrogenation using Raney ⁄ Ni or 5% Pd ⁄ C gave incomplete conversions, even after a long reaction time. Cyclization of 5 with formamidine acetate and then chlorination with thionyl chloride gave 7. Then, aminolysis of 7 was performed using excess ethyl 3-amino-1H-pyrrole-2-carboxylate hydrochloride (2) to afford 8 in 91% yield. The final step was nucleophilic displacement of the chlorine atom with different aliphatic amines to yield the corresponding target compound series A GI-1-9. The material ethyl 3-amino-1H-pyrrole-2-carboxylate hydrochloride (2) was synthesized ahead by the route described in Scheme 3: Ethyl formate was condensed with acetonitrile under catalysis of sodium hydride to give 2-formylacetonitrile, which was very active and unstable. Without separation, 2-formylacetonitrile was then condensed with diethyl 2-aminomalonate to afford 1. Cyclization of 1 under catalysis of sodium ethylate and then salifying obtained 2 in 82% yield.
Starting from methyl 4-hydroxy-3-methoxybenzoate (Scheme 2), series B compounds GII-1-9 could be obtained via the same synthetic methods as described earlier. We are the first to replace the benzene ring of gefitinib with pyrrole ring to design new compounds. All target compounds are completely new [except compound GI-1 reported in our previous paper (17) ] and obtained in satisfactory yields (Figure 2 ).
Cytotoxicity
The cytotoxicity of 18 compounds, as well as the parental compound gefitinib, in human pancreatic cancer cell line Miapaca2 and human prostate cancer cell line DU145, was investigated by the MTT (3-(4,5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide)-based cytotoxicity assay. As shown in Table 1 , the 50% inhibitory concentration (IC 50 ) of all new compounds against the two cancer cell lines was much lower than that of gefitinib, indicating that the in vitro antitumor activity of these compounds was significantly improved. Interestingly, all compounds show greater inhibitory effect on Miapaca2 cells compared with DU145 cells, while gefitinib shows minor effect between the two cell lines (both IC 50 values around 40 lM). potent than gefitinib. The structure modification of gefitinib to design GI-1 is that pyrrole ring was substituted for the benzene ring. This result reveals that replacement of benzene ring with pyrrole ring increases in vitro antitumor activity. The ethyl formate substitutional group may also have synergic effect. The structure difference among GI-1 and other compounds in series A was the basic side chain at Values are averages of two independent experiments, SD < 10%. c Compounds tested at concentration of 10 lM. position 6 of quinazoline nucleus, which was reported to affect the physical properties of compound in vivo (16) . As cytotoxicity assay was carried out in vitro, the inhibitory effect variance among these compounds could be attributed to the hydrophobicity and permeability changes resulting from different basic side chains.
Kinase inhibitory activity
Because gefitinib is a selective EGFR inhibitor, we determined the inhibitory activity on EGFR of these gefitinib analogs. As also shown in Table 1 , the inhibitory potency of the new compounds is much lower than that of gefitinib, which indicates that these compounds are no longer specific EGFR tyrosine kinase inhibitors. We are currently carrying out more experiments to access inhibitory activity on other RTKs, hoping to figure out the exact target(s) and details on the mechanism of action.
Taken the biological data together, we noticed that compounds with stronger cytotoxicity also show better EGFR inhibitory potency. This data may suggest that in vitro antitumor activity of these compounds results from their kinase inhibitory activity. We also found that shifting basic amine side chain at position 6 (series A) to position 7 (series B) results in a minor increased cytotoxicity and more obviously higher EGFR inhibitory potency in most cases. Compounds GI-6, GII-4, GII-6, GII-8, and GII-9 that possess relatively stronger cytotoxicity against the two cancer cell lines are more potent RTK inhibitors and will be chosen for further evaluation of in vitro and in vivo activities.
Conclusion
In our study, using gefitinib as a leading compound, two series of novel 4-pyrrylamino quinazoline derivatives were designed and synthesized. Cytotoxicity against two cancer cell lines Miapaca2 and DU145 and EGFR inhibitory activity of these compounds were examined. The preliminary evaluation result demonstrates that all new compounds possess improved in vitro antitumor activity compared with the parental gefitinib, especially the compounds GI-6, GII-4, GII-6, GII-8, and GII-9. Based on the investigation result, certain SAR were proposed: Replacement of benzene ring with pyrrole ring contributes to the improvement of antitumor activity; basic side chain at position 6 or 7 of quinazoline nucleus also affects the cytotoxicity of the compound. Our study provides useful information for developing new and more potent antitumor agents.
